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HIGH REGRESSION RATE HYBRID ROCKET PROPELLANTS 
AND METHOD OF SELECTING 



CROSS-REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Patent Application No. 60/ 
093,696, filed July 22, 1998, the entire disclosure of which is incorporated herein by reference. 

GOVERNMENT LICENSE RIGHTS 
The U,S- Government has a paid-up license in this invention and the right in limited 
circumstances to require the patent owner to license others on reasonable terms as provided 
for by the terms of Contract/Grant No. NCC8-30-TRP, 1 034 1 awarded by the National Aero- 
nautics and Space Administration. 

FIELD OF THE INVENTION 
The present invention relates generally to the field of propellants suitable for use in 
hybrid rockets, and more particularly to propellants and a method of selecting propellants that 
exhibit high regression rates. 

BACKGROUND OF THE INVENTION 

Two basic types of chemical rocket propulsion systems are widely used in the rocket 
industry; namely, liquid systems and solid propellant systems. In a liquid system, liquid oxi- 
dizer and liquid fuel are fed at high pressure to a combustion chamber where they mix and 
react producing high temperature, high pressure gases which exhaust through a converging- 
diverging nozzle producing thrust. The mixing of reactants requires a high performance pres- 
surization system for the fuel and oxidizer which must often operate in a cryogenic 
environment at extreme pressures and mass flow rates. The injection system and combustion 
chamber require exotic materials, complex systems for cooling, and very high precision man- 
ufacturing techniques. All of these factors contribute to a high cost. 

Solid propellant systems do not require the complex and expensive machinery of liquid 
systems. Nevertheless, solid systems are complicated, and are subject to the difficulties of pro- 
ducing crack-free, repeatable, fuel grains, and by the need to transport and handle explosive 
materials. In a manufacturing process that requires extreme safety precautions, solid fuel and 
oxidizer are intimately mixed and allowed to cure inside the rocket case producing an explo- 
sive fuel with roughly the consistency of plastic or hard rubber. Fuel grains which contain 
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cracks present a risk of explosive failure of the vehicle and must be rejected, driving up 
the cost of manufacture. Upon ignition the solid fuel burns uninterrupted until all the fuel 
is exhausted. 

An alternative chemical rocket which has been known since the 1930's is the hybrid 
propulsion system. In the hybrid design one propellant is stored in the solid phase while 
the other is stored in the liquid phase. Thus the hybrid lies somewhere between the two 
basic chemical rocket designs just described. In most hybrid propulsion applications, the 
solid is the fuel and the liquid is the oxidizer. Reverse hybrids with the fuel in the liquid 
phase and oxidizer in the solid phase are also feasible and the present invention described 
below can be applied equally well to both types of hybrid systems. 

A large variety of fuels, including trash and wood, have been considered for hybrid 
rockets but the most conventional fuel materials are polymers such as Plexiglas (polyme- 
thyl methacrylate) (PMMA), high density polyethylene (HOPE), hydroxyl terminated 
polybutadiene (HTPB), and the like. Typical oxidizers that are frequently used in hybrid 
rockets are liquid oxygen, hydrogen peroxide,- nitrogen tetroxide, nitrous oxide and occa- 
sionally fluorine. With respect to the last point, the fuel combinations used for hybrids are 
similar in their chemical properties and energy densities to the fuels used in hydrocarbon 
fueled liquid rocket systems. Thus, in terms of exhaust velocity and specific impulse, the 
hybrid system is a closer relative to a liquid system than to a solid system. Solid rockets 
tend to use lower energy oxidizers and consequently they produce lower specific impulse. 

In addition to having a higher specific impulse, some of the advantages of the hybrid 
rocket over the solid fuel rocket are: 

The hybrid allows for thrust termination, restart and throttling capabilities. 

The hybrid design lends itself to safe manufacturing, transportation and operation. 

Hybrid motors are inherently immune to explosion, 

The safety and simplicity of the hybrid leads to lower development costs for new sys- 
tems and very likely lower operational costs. 

The combustion products are generally very benign producing lower environmental 
impact. 

The main advantages of the hybrid over the liquid rocket include: 
Lower development and operating costs (life cycle costs), 
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• Lower fire and explosion hazards, 

Less complex design and potentially higher reliability, 

• The hybrid allows the addition of energetic solid components, such as aluminum or 
beryllium to the fuel 

A schematic of a typical hybrid propulsion system 10 with a pressurized oxidizer 
feed system is shown in Figure L The feed system is comprised of a pressurization tank 
12 that holds an inert gas at high pressure (such as Helium, Argon or Nitrogen), a valve 
(not shown) to pressurize the oxidizer tank 14, a main valve 16 to turn on the flow of oxi- 
dizer and an injection system 18. Alternatively, the gas pressurization system can be 
replaced with a turbopump. The other major components are the combustion chamber 20 
which contains the solid fuel 22 and the nozzle assembly 24, 

A sketch of the flame configuration in a single port hybrid rocket combustion cham- 
ber 30 is shown in Figure 2. The single port combustion chamber 30 generally includes a 
pre-combustion chamber region 31 at the front end, a post-combustion chamber region 32 
at the opposite end, and an elongated single port 33 extending between the ends. The oxi- 
dizer in the liquid phase is injected into the combustion chamber at pre-combustion 
chamber region 31. The injected oxidizer is gasified and flows axially along the port 33, 
forming a boundary layer 34 over the solid fuel 22. The boundary layer 34 is usually tur- 
bulent in nature over a large portion of the length of the port. Within the boundary layer 
34 there exists a turbulent diffusion flame 36 which extends over the entire length of the 
fuel. The thickness of the flame is generally very small compared to the boundary layer 
thickness. The heat generated in the flame, which is located approximately 20-30% of the 
boundary layer thickness above the fuel surface, is transferred to the wall mainly by con- 
vection. Some heat is also transferred by radiation but this is usually relatively small 
compared to the convective heat transfer. In the conventional hybrid system depicted in 
figure 2, the wall heat flux evaporates the (generally polymeric) solid fuel and the fuel 
vapor is transported to the flame where it reacts with the oxidizer which is transported from 
the free stream by turbulent diffusion mechanisms. The unbumed fuel that travels beneath 
the flame, the unburned oxidizer in the free stream, and the flame combustion products mix 
and further react in the post combustion chamber 32. The degree to which fuel and oxidizer 
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are able to fully mix and react before exhausting through the nozzle 24 determines the com- 
bustion efficiency of the motor. The hot gases expand through a convergent-divergent 
nozzle 24 to deliver the required thrust. 

It is important to note that, even though the geometry of a hybrid motor is similar 
to a solid motor, the combustion scheme is vastly different. In a solid rocket, the oxidizer 
and fuel are both stored in the solid phase next to each other for heterogeneous fuels and 
within the same fuel molecule for double base fuels. Consequently, the solid combustion 
takes place in a deflagration (premixed) flame that is closer to the surface compared to the 
hybrid diffusion flame. Also, in solid fuel systems there exists some heterogeneous phase 
(solid-solid, solid-gas) reactions at the surface. In short, the burning rate of a solid rocket 
is determined by the rate of homogeneous (gas phase) and heterogeneous chemical 
reactions. 

In a hybrid system or motor, the burning rate is limited by the heat transfer from 
the relatively remote flame to the burning surface of the fuel. One of the physical phenom- 
ena that limits the burning rate in a hybrid motor is the so-called blocking effect that is 
caused by the high velocity injection of the vaporizing fuel into the gas stream. This dif- 
ference in the combustion scheme of a hybrid motor significantly alters the burning rate 
characteristics compared to a solid rocket. Blocking can be explained as follows. Increas- 
ing the heat transfer to the fuel causes the evaporative mass transfer from the liquid-gas 
interface to increase. But the increased blowing from the surface reduces the temperature 
and velocity gradient at the surface thus reducing the convective heat transfer. The blowing 
also thickens the boundary layer and displaces the flame sheet further from the fuel surface 
leading to a further reduction in convective heat transfer. The position of the flame sheet 
and the shape of the thermal and velocity boundary layer is the result of a complex chemical 
and fluid mechanical balance between the oxidizer flow entering the port, the fuel flow 
produced by evaporation and the flow of combustion products. As a result, the burning 
rate is limited in a fundamental way which is difficult to overcome by either increasing 
heat transfer to the fuel or by a reduction in the fuel heat of gasification. Although radiative 
heat transfer from the flame does not suffer from the blocking effect it is usually small 
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compared to the convective heat transfer. The upshot of all this is that the regression rate, 
defined as the recession speed of the solid surface of a conventional hybrid fuel is typically 
one-tenth or less than that of a solid rocket fuel. 

For a given selection of fuels and oxidizer to fuel mass ratio, the thrust generated 
by a rocket is approximately proportional to the mass flow rate. Thus a given thrust require- 
ment dictates the fuel mass flow rate that needs to be achieved. The fuel mass flow 
generation rate is a product of the fuel density times the regression rate, multiplied by the 
burning surface area. The fuel density is determined by the type of fuels. Generally, high 
thrust levels are required for a launch vehicle. For a hybrid rocket design based on a slow 
burning conventional fuel, high thrust can only be achieved by increasing the burning sur- 
face area. The high burning area requirements, and various other design constraints (such 
as the maximum grain length to port diameter ratio), leads to complicated multi-port con- 
figurations. One commonly used multi-port configuration is the wagon wheel geometry as 
shown in Figure 3, and has been implemented in several hybrid motor designs. 

The wagon wheel configuration and all other complicated multi-port designs have 
serious disadvantages. These disadvantages include: 

the large sliver fractions, which may in practice leave significant amounts of fuel 

unbumed; 

fairly small volumetric loading of the fuel in the casing leading to decreased mass 
fractions; 

grain integrity problems, especially towards the end of the bum when the web thick- 
ness between ports becomes vulnerable to structural disintegration; 
difficult and expensive manufacturing of the fuel grdn; and 
requirement for a pre-combustion chamber or multiple injectors. 
It is clear that all these factors seriously degrade the overall efficiency and cost of 
a multi-port hybrid launch vehicle. 

The low regression rates and consequent multi-port design requirements make 
hybrids an unattractive option, even though they offer significant advantages over cur- 
rently used liquid and solid systems. In order for the hybrid to find use as a practical design 
with a variety of applications,, higher regression rates are required. Thus, so far many tech- 
niques have been suggested, or tried, to improve the regression rates of hybrids, however 
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all of these techniques suffer important shortcomings. More specifically, one such prior 
art method uses fuels with low effective heat of gasification. This method yields only a 
small improvement since, as revealed in the classical hybrid theory (reference 1), the expo- 
nent of the heat of gasification is a small number (approximately 0.32). The weak 
dependency of the regression rate on the heat of gasification is due to the blocking effect 
described earlier. Other prior art techniques use insertion of screens in the port to increase 
the turbulence level, and thus the heat transfer rates. As with any method which requires 
that devices be placed in the gas flow path, this method complicates the design significantly 
and increases the likelihood of failure. In addition, this approach may lead to nonuniform 
burning along the port. 

The addition of swirl to the incoming oxidizer flow to increase the effective mass 
flux and thus improve the heat transfer rate has also been reported (Reference 8). This 
method also complicates the hybrid design, especially for large scale motors, and requires 
heavy injectors or vanes. 

Another prior art approach employs the addition of oxidizing agents or self decom- 
posing materials in the hybrid fuel. This well known technique reverts to a quasi-solid 
design and eliminates the inherent safety characteristic of hybrid rockets. 

The addition of metal additives has also been used. This is a common technique that 
improves the fuel mass burning rate. The improvement is small, however, and there are 
several shortcomings such as the increased vulnerability to instabilities due to the pressure 
dependent regression rate and increased environmental impact. 

Yet another prior art technique focuses on increasing the roughness of the burning 
surface by adding dispersed phase particles in the fuel that would burn at a different rate 
compared to the matrix material (Reference 9). This technique can only give a limited 
improvement and large solid particles injected in the gas stream reduce the efficiency of 
the system. The manufacturing costs would also increase. 

As just described, the prior art techniques are subject to significant limitations and 
disadvantages. Accordingly, it is highly desirable to provide a propellant and hybrid sys- 
tem which exhibits a high regression rate, without compromising safety or manufacturing 
cost. 
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OBJECTS AND SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to provide hybrid rocket pro- 
pellants that exhibit a high regression rate, or more specifically, that will burn several times 
faster than conventional propellants at the same operating conditions of port mean mass 
flux and chamber pressure while retaining the basic advantages of hybrids; throttlability, 
safety and low cost. In addition to a high burning rate it is desired, but not required, that 
the propellant have the following characteristics: 

• self-decomposing materials are not involved; 
the port design can be structurally simple; 

the propellant is safe, easy to handle and easy to process; 

• the propellant bums smoothly; and 

• the burning rate is reasonably uniform along the axial and in the azimuthal directions 
in the port. 

It is also an object of the present invention to provide a method of selecting, or iden- 
tifying, such hybrid rocket propellants. 

As described in the Background, in a hybrid rocket combustion chamber, liquid oxi- 
dizer is converted to gas and caused to flow over the solid fuel surface. In a reverse hybrid 
the oxidizer is the solid. Upon ignition, a flame sheet is formed above the solid surface and 
heat from the flame melts the solid causing a liquid layer to form. Evaporation from the 
liquid-gas interface produces a continuous flow of fuel gas which mixes with oxidizer at 
the flame sheet thus maintaining the combustion. At steady state, the regression rate of the 
melt surface and the liquid-gas interface are the same and the thickness of the liquid layer 
is constant. Figure 4 shows typical steady state temperature and velocity profiles in a liq- 
uefying hybrid rocket. 

The inventors have discovered, and according to the present invention, the liquid 
layer at the melt surface can be hydrodynamically unstable under the mass flux, pressure 
and temperature conditions which occur in a hybrid rocket combustion chamber. This 
shear-driven instability leads to wave formation on the liquid-gas interface and as the 
waves develop nonlinearly, the displaced liquid-gas interface exposed to the high speed 
flow of gas can breakup, leading to the formation of concentrated pockets of high density 
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fuel and/or fuel droplets which are entrained into the gas stream. The mechanism of liquid 
layer instability and entrainment can substantially increase the rate of mass transfer from 
the fuel surface. This situation is illustrated schematically in Figure 5. 

We have developed a method for solid propellant selection or identification that 
takes the mechanism of liquid layer instability and entrainment into account. This method 
of the present invention has been used to identify high regression rate solid fuels and to 
predict their performance. It can be applied equally well to solid fuels or oxidizers which 
are collectively referred to as propellants. An important element of the process is a criterion 
that determines whether a given solid propellant is more or less likely to produce entrain- 
ment for a given set of combustion chamber conditions. 

Accordingly, the present invention provides for a fuel composition suitable for use 
in hybrid rockets having a fuel component and an oxidizing component. One of the com- 
ponents flows past the other,, and under the heat of combustion (heat transfer from the 
flame) one of the components forms an unstable melt layer with viscosity and surface ten- 
sion such that droplets from the melt layer are entrained in the other component thereby 
increasing the burning rate. The present invention can also be used in formulating a fast 
burning fuel for solid fuel ramjet applications. 

In another aspect of the present invention a propulsion system is provided. The pro- 
pulsion system includes a vehicle structure, terminating in a nozzle and having a fuel 
component within the structure. One or more combustion chambers are formed within, or 
alternatively contain, the fuel component. Also provided is an oxidant vessel within the 
vehicle structure for flowing the oxidant in contact with the one or more combustion cham- 
bers to react with the fuel. The fuel is selected such that under the heat transfer from the 
flame, the fuel forms an unstable melt layer with viscosity and surface tension such that 
droplets of the melted fuel are entrained in the flowing oxidant thereby increasing the burn- 
ing rate. 

In yet another aspect of the present invention, a combustible hybrid fuel having a 
solid fuel component and a flowing oxidizer component flowing through one or more ports 
is provided. The solid fuel forms a liquid layer at the interface between the oxidizer and 
fuel, and the liquid layer exhibits entrainment of liquid droplets in the flowing oxidizer at 
an entrainment rate of 
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In still another aspect of the present invention a method of selecting a propellant 
that exhibits a desirable regression rate during combustion within a port having a gas 
stream flowing through the port is provided. The method comprises the steps of: 

for a given port mass flux, G = p C/ , where p is the port average gas density and 
where is the port average gas velocity; and 

for a thickness A of a liquid layer formed on the surface of the fuel; 
wherein the port mass flux value and the thickness satisfy the relationship of 

and where ci^^^^^ is the entrainment onset parameter and is given by: 



^ 1-05 X 10 ^ 

onset 



r i.3\ 

pg 1 r 0.6 



0.3 

^P/ J 



1 r o.t 



^^frepBV 

selecting the propellant such that ci^^^^^ has a value that promotes entrainment of droplets 
from the liquid layer into the gas stream in the port. 



BRIEF DESCRIPTION OF THE DRAWINGS 
Additional objects and advantages of the invention will become apparent in reading 
the detailed description of the invention and the claims and with reference to the figures, 
in which: 

Figure 1 is a schematic diagram of a hybrid rocket which may be employed with 
the present invention. 

Figure 2 is a schematic diagram of the combustion configuration in a single port 
hybrid rocket motor. 

Figure 3 is a schematic diagram of a wagon wheel port hybrid rocket motor. 
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Figure 4 is a schematic diagram illustrating velocity and temperature profiles in a 
liquefying hybrid rocket. 

Figure 5 is a schematic diagram showing entrainment of the melt layer during com- 
bustion according to the present invention. 

Figure 6 is a graph illustrating melting, vaporization and average melt layer tem- 
perature of n-paraffins as a function of molecular weight and according to one embodiment 
of the present invention. 

Figure 7 is a graph depicting viscosity as a function of the molecular weight for 
various n-paraffins (normal paraffins) and two highly crystalline polyethylene waxes. 

Figure 8 shows the viscosity and surface tension of the melt layer as a function of 
the molecular weight for various n-paraffins according to one embodiment of the present 
invention. 

Figure 9 illustrates the presence of entrainment for various n-paraffins as a function 
of their molecular weight. 

Figure 10 is a graph showing regression rates as a function of oxidizer mass flux 
for paraffins A and B according to one embodiment of the present invention. 

Figure 11a is a photograph showing the plume from a conventional PMMA/GOX 
hybrid rocket systems. 

Figure 1 lb is a photograph showing the plume from a paraffin wax (grade B)/GOX 
hybrid rocket system of the present invention. 

Figures 12a and 12b are schematic cross sectional end views of a double D port, 
and circular single port, hybrid rocket motor configurations, respectively, according to two 
embodiments of the present invention. 

Figure 13 is a graph showing the regression rate for paraffin wax B according to the 
present invention, in comparison to the estimated classical regression rate of the prior art. 
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DETAILED DESCRIPTION OF THE INVENTION 

The invention is now described in more detail. The following terms used through- 
out the description herein are defined below as: 

2 

Liquid layer thickness parameter, m /sec 

^1 . , . 2.6 0.8 0,2 

a^^ Classical regression rate parameter, m /kg ~ sec 

^ . . T ^-^^ / 2.3 1.45 

o^^^^^ Entrainment onset parameter, kg /m - sec 

^ . . ^ 2,6 0.8 0.2 

a^^^ Entrainment regression rate parameter, m /kg - sec 

B Blowing parameter 

C^j Blowing correction coefficient 

Cj Friction coefficient 

Cyy,^y Reference friction coefficient 

Ci Liquid specific heat, J/kg-K 

Solid specific heat, J/ kg~K 

G Port average mass flux, kg/m^ - sec 

h Melt layer thickness, m 

Effective heat of gasification, J/ kg 

h^^^ Classical effective heat of gasification, J/ kg 

Latent heat of melting, J/ kg 

Latent heat of vaporization, J/ kg 
^grain Length of the port, m 

Mean molecular weight of the port gas, kg/ ktnole 

2 

Port mean pressure (chamber pressure), N/m (Pascal) 
Dynamic pressure in the port, N/m^ 
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Radiative heat flux , J/m^ - sec 

Convective heat flux , J/m^ - sec 

Thermal to radiation thickness ratio 
Re^ Reynolds number based on distance along the port 
R^ Universal gas constant, J/kmole - K 

r Surface regression rate, m/sec 

r^l Local regression rate predicted by classical theory, m/sec 

Regression rate component due to entrainment, m/sec 

Ambient fuel temperature, K 

T Port mean temperature, K 

s 

T^^ Melting temperature, K 

Boiling temperature, K 
r. Liquid-gas interface temperature, K 

t ft IS ijClC c 

^solid Characteristic temperature for the solid, K 

^liquid Characteristic temiperature for the liquid, K 

AT J Temperature difference T.^^^^j^^^ '^^.K 

AT 2 Temperature difference T^-T^^K 

Port average gas velocity, m /sec 

z Axial distance along the port, m 

Liquid thermal conductivity, J/m - sec - K 
Liquid viscosity, kg/m - sec 

Port mean gas viscosity, kg/m -sec 

2 

'^interface Shear Stress at the liquid-gas interface, N/m 
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Solid density, kg/m 

3 

Liquid density, kg/m 

3 

p^ Port average gas density, kg/m 

a Surface tension, N/m 

The theory which underlies the present invention indicates that propellant surface 
tension and especially liquid layer viscosity at the combustion chamber conditions are the 
key physical properties that determine whether or not the propellant will entrain. 

The inventors have found that members of the n-alkane (normal alkane) class of 
hydrocarbons, C^^2n + 2 ^^^^^ ^^^^^ room temperature and having a mean carbon 

number of n> 15, more preferably n is in the range of 15 to 80, with a range of 18 to 40 
being most preferred, have low surface tension and viscosity at the melt layer conditions 
typical of hybrid rockets. According to the present invention, these fuels are predicted to 
have high regression rates at oxidizer mass fluxes covering a wide range of hybrid rocket 
applications. In addition to the n-alkanes, some isomers of the alkane series will also sat- 
isfy the entrainment criterion found by the inventors. 

Above a certain molecular weight, entrainment does not occur. This includes poly- 
meric materials which are often used in conventional hybrid rocket applications. Even 
though some of these polymers form a liquid layer, it is too viscous for entrainment to occur 
for the range of port mass fluxes encountered in hybrid rockets. 

According to the present invention, the selection procedure is generally as follows. 

The entrainment onset criterion (a^„^^,) is used to estimate the combination of port mass 

^ onset ^ 

flux given by: 

G = p^U^ (1) 

and liquid layer thickness, h , required to cause a given propellant to entrain. A high regres- 
sion rate propellant is one that will entrain for the range of mass fluxes that are expected 
to occur in the given application. A number of fuels including the paraffin waxes, polyeth- 
ylene waxes, solid organic acids and alkylnapthalenes fall into this category. A low 
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regression rate propellant is one that, by this criterion, would only entrain for mass fluxes 
in excess of those produced in the given application. In other words, at the port mass flux 
the rocket is designed for, entrainment would not occur. Conventional hybrid fuels such as 
high density polyethylene (HDDPE) fall into the latter category and typically burn at the rate 
predicted by classical hybrid theory. Thus, a significant advantage the method of the 
present invention is that it can be used to select a propellant that will exhibit a high regres- 
sion rate tailored to a particular application or mission. 

PROPELLANT SELECTION METHOD 

The analysis of liquid layer formation and entrainment was performed in three 
stages. A more detailed description may be found in Karabeyoglu, M.A. "Transient Com- 
bustion in Hybrid Rockets", Stanford University Ph.D. Thesis, August 1 998 (reference 2), 
the entire description of which is hereby incorporated by reference. In the first stage, the 
formation of a melt layer on the solid surface was studied. In the second stage, the linear 
stability of the melt layer under the strong shear of a gas flow was examined. The linear 
stability model included the effect of the vertical motion of liquid at the liquid-solid inter- 
face due to the regression of the fuel slab. Later in the second stage the linear stability 
results were linked to the entrainment of liquid droplets through the use of both experimen- 
tal results and semi-empirical relations found in the literature, references [3, 4, 5]. In the 
final stage, classical hybrid theory [1] was further developed to include liquid droplet 
entrainment. It is possible to show that the primary effect of the entrainment mass transfer 
is to increase the regression rate of the fuel without increasing the thermochemically 
defined blowing parameter. The implication of this is that the droplet entrainment mecha- 
nism does not rely on a reduced heat of gasification of the fuel. In the following paragraphs 
the details of each step of the selection process are described. 

First, an estimation of the melt layer thickness as a function of regression rate is 
made. The film thickness formed on a burning slab under the combined heating of con- 
vection and radiation was considered. Physically, the thickness of the liquid layer is 
determined by the energy transfer relations both in the solid and also in the liquid. We are 
solely interested in the steady-state regression of the fuel slab. For that reason, the regres- 
sion rate of the liquid-gas interface and the solid-liquid interface are assumed to be equal 



16 



and constant. This, of course, implies that the thickness of the melt layer is also constant. 
For the sake of simplicity we further assumed that the thermophysical properties of the 
material both in the liquid phase and also in the solid phase are uniform. The effect of con- 
vection in the liquid layer was also ignored. This assumption can be justified for small melt 
layer thicknesses for which the Reynolds numbers are relatively small (a few hundred) and 
the temperature gradients are fairly large. 

In the analysis, the possibility of the penetration of thermal radiation into the slab 
is considered. Several simplifying assumptions are introduced in the treatment of radiative 
heat transfer. First, the radiative flux field is assumed to be one dimensional. The absorbing 
character of both the liquid and the solid material is assumed to behave like a gray body; 
namely the absorption coefficient is independent of the frequency of the radiation. 

Under these simplifications, the energy equations in the liquid and solid phases of 
the slab were used to solve for the thickness of the melt layer formed on the fuel surface. 
The results indicate that for a given fuel the melt layer thickness, h, is inversely propor- 
tional to the total regression rate of the fuel slab. 



where h is the liquid layer thickness, and r is the fuel surface regression rate due to the 
combined effects of vaporization and entrainment. A complete analysis of the liquid layer 
has been carried out. Two limiting cases are of primary interest depending on a parameter, 
R^, which is the ratio of the thermal thickness to the radiative penetration thickness in the 

liquid layer. 

IfR^ » 1 the liquid layer is opaque to radiation from the flame and all the radiation 
is absorbed at the liquid-gas interface. In this case 



h = — 
r 



(2) 
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Generally, one tries to achieve this condition by preferably adding a strong absorber such 
as carbon black to the propellant so that as much radiation as possible is absorbed in the 
liquid layer. 

In the limit R^« 7 , the absorption of radiation in the liquid layer is small so that all 
of the radiative flux is absorbed in the solid. The thickness parameter, a^, in this limit is 
given by 



I + 



( Qr/Qc 



CAT, C^T^K^i + q^/qJ 



1 + 



Qr/Qc 



CAT, cat2Vi^q,/qJ 



(4) 



where the characteristic temperatures differences are 



^interface 



2 ma 



The heat of gasification averaged over all the mass leaving the fuel surface is 



p/ 



\cATi-^lXj) 



(5) 



(6) 



where {r^/r) is the fractional mass that vaporizes. The classical heat of gasification in the 
absence of droplet entrainment is 



c Ar, + z + 

s 2 m 



(7) 



The heat of gasification is the total heat required to transform the fuel from the solid state 
at its ambient temperature, T^, to the gas state at the average liquid-gas interface temper- 
ature, T-^^^^j^^^ , The factor (r^/r) appearing in equation (6) accounts for the fact that a 

given parcel of fuel mass can reach the free stream through two routes; one route being 
vaporization and involving the usual four steps of solid heating, melting, liquid heating and 
evaporation; and the other route being entrainment and involving the first three steps but 
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not requiring evaporation. The droplets do eventually evaporate as they convect along the 
port and interact with the flame but this process does not contribute to the heat or mass 
balance at the liquid-gas interface. 

The average temperature at the liquid-gas interface, T^^^^^j^^^ , must be estimated. 

As a first approximation one could take the boiling temperature of the liquid at standard 

conditions. Evaporation reduces this temperature slightly below boiling. Elevated vapor 

partial pressure tends to increase the boiling temperature but entrainment tends to decrease 

the temperature until, at high entrainment rates, the liquid layer thickness becomes small 

and the liquid-gas interface temperature approaches the melt temperature (a quantity which 

is insensitive to pressure). For simplicity, a reasonable estimate which is valid over the 

range of conditions of interest is used. We let 

r. . r = r + 0,8(Tu -T ) (8) 
^interface ^ m ^ b ^ ^ 

where is taken to be the boiling temperature of the liquid fuel at one atmosphere. The 

quantity Qy/ Qc is the ratio of radiative to convective heat transfer to the liquid-gas inter- 
face and must be estimated. A reasonable range, valid over the conditions found in hybrid 
rockets is Qr^Qc < 0-2 . Fortunately, as long as Qr/Qc is small, the calculated value 
of the liquid layer thickness is not sensitive to errors in the quantities which appear in the 
logarithm. But notice that there is a critical value of Q^/ Qc when the denominator in the 
logarithm in (4) becomes zero. This corresponds to a condition where there is no steady 
state solution to the melting problem and the thickness of the liquid layer continues to grow 
toward a state where the entire block of fuel is being heated to the melting point by 
radiation. 

The thermal diffusivity factor outside the logarithm in equation (4) is known rea- 
sonably well as a function of temperature. 

A complicating factor in this picture is that the port mean pressure may exceed the 
critical pressure of the liquid. Thermodynamic equilibrium theory indicates that above the 
critical pressure the surface distinguishing liquid and gas is not precisely defined and the 
density varies continuously from the melt layer to the gas. In fact the melt layer in a hybrid 
rocket may not be in an equilibrium state and the detailed physics of the liquid-gas interface 
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is not well understood. Thus in this document the word "droplet" has a generalized mean- 
ing referring to any parcel of propellant at or close to the density of the melt layer and the 
phrase "liquid-gas interface" refers to a transition layer from liquid to gas that may not 
have a distinct surface although the surface of maximum density gradient is often used as 
a reference. Nevertheless, one can assume that even above the critical pressure, the basic 
mechanism of instability of the melt layer and entrainment of parcels of propellant at or 
close to the melt density still occurs. Moreover, one can assume that a propellant that 
entrains under subcritical conditions will also entrain when the port mean pressure exceeds 
the critical pressure of the propellant. 

Second, an estimation of the friction coefficient is made. The friction coefficient 
at the liquid-gas interface is approximately 

-p u 

2 S g 

where x • , /• is the shear stress at the gas-liquid interface. The reference shear stress is 
taken to be Cj-^^j- = 0.03 , The Reynolds number based on the distance, z, along the port 
is 

The factor 

corrects (reduces) the surface friction for the effect of the evaporative mass transfer from 
the surface. This is a new correction factor which we have developed which is valid for 
0 <B < 15 . The blowing parameter, B, is related to conditions at the flame sheet which 
are difficult to determine, however values between B = 4 and B = 10 are typical. In the 
calculations presented here we use B = 6 , 



Pg^g' = Gz 
^g ^g 



= ( £ ) 



2 + 1.25B 



(10) 
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Third, an estimation of the classical propellant regression rate (without entrain- 
ment) is made. Classical hybrid theory describes the regression rate of hybrid fuels in the 
absence of entrainment. The widely accepted formula due to Marxman et al. (reference [1]) 
is 




When the expression for the friction coefficient is inserted, the result is 
The factor a^^ is, 

2 6 08 02 

with units m ' /(kg ' -sec' ) , The equation (12) is a local relationship which depends 
weakly on the axial position in the port. Here and throughout we use the convention that 
the regression rates are evaluated at the midpoint of the port, i.e. at r = L/2 , 

Fourth, the entrainment onset criterion is developed. The instability of the melt 
layer needs to be related to the entrainment of liquid droplets into the gas stream. To this 
end, we investigated the linear stability of the melt layer formed on the solid fuel. This is 
shown in further detail in "Transient Combustion in Hybrid Rockets", which is incorpo- 
rated by reference. This film is subjected to shear by the gas flow in the port and is also 
subjected to strong blowing due to the regression of the fuel surface. The large shear forces 
exerted by the high speed gas stream flowing through the port generates instability waves 
at the liquid-gas interface. A rigorous treatment of the entrainment problem requires an 
investigation of the nonlinear development of the instability waves and break-off of drop- 
lets as depicted in Figure 5. The complete physics of this process is extremely complex. 
To address this difficulty we developed empirical relations for the droplet entrainment 
mechanism by using experimental data together with the linear stability results presented 
in "Transient Combustion in Hybrid Rockets". 
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Work on entrainment is reported in Reference [3], the description of which is hereby 
incorporated by reference. In this study, the entrainment rates from thin films of various 
liquids (including some hydrocarbons such as RP-1 (kerosene) and methanol) under strong 
shearing gas flow were measured. The experiments were performed in a wind tunnel and 
some tests were executed with hot gas flow. 

The inventors have determined some important factors regarding entrainment mass 
transfer as follows: 

if the mass flux in the port is less than a critical value there is no entrainment mass 
transfer from the film; and 

the general empirical expression for the entrainment rate of liquid droplets (the 
entrmnment regression rate) in terms of the relevant properties of the hybrid motor can 
be written as: 

'e^ ■ ^^^^ 

a 11^ 

where a is approximately L5, p is approximately 2.0 and y and 5 are approximately 
1.0. HereP^ = (i/2)p^Cy^ is the dynamic pressure ofthe gas flow in the port. The pow- 
ers of each parameter affecting the entrainment regression rate are positive, empirically 
determined quantities. In general, it can be stated that the entrainment increases with 
increasing port dynamic pressure and melt layer thickness and decreases with increasing 
viscosity and surface tension. This expression has central importance in determining how 
fast a selected fuel will burn. 

A useful criterion for the onset of entrainment must account for two basic effects. 
First, at a given mass flux a thick liquid layer is more unstable and therefore more likely 
to entrain than a thin layer. Second, for a given liquid layer thickness a higher free stream 
gas mass flux is more likely to entrain than a lower mass flux. 
Policing reference [5] the fundamental criterion for the onset of entrainment is 



where the factor ci^^^^^ is. 
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a , = 1.05 X 10 ^ 

onset 



0.3 



The quantity, ^^^^^t^ computed for a given fuel. If the computed value ct^^^^^ is below 
a critical range, then the fuel is likely to entrain. According to the present invention, a^^^^^ 
is selected such that has a value that promotes entrainment of droplets from the 

melt layer. Preferably, ci^^^^^. is equal to or less than approximately 0.9, and more prefer- 
ably cif^^set ^Q^^^ ^^^^ ^^^^ recommend the following ranges: 



a ^<0A entrainment will occur 
onset 

0.4 < a <0,9 entrainment is likely 

onset 

^onset ^ entrainment is unlikely 



(18) 



The units of are kg / {m -sec ). 

It is important to recognize that several of the quantities appearing in equation (17) vary 

03 

relatively little from one propellant to another. The factor, p^' , is fairly close to one over 
a wide range of liquid densities. For the range of blowing factors between 4 and 70, the 
coefficient, C^;, is between approximately 0.2 and 0.4 . 

The gas density and viscosity make a^^^^^ depend on the port mean temperature 
and pressure since 

^<xj- , (19) 

where the ideal gas law P = {9a^,J_)/M^_ and gas viscosity-temperature relation 

oc T^^^^ have been used. For hydrocarbon fuels, the port mean temperature varies rel- 
atively little over the range of applications so the main sensitivity is to the port mean 
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1 3 

pressure although the effect is not as strong as since as the pressure increases the tem- 
perature of the liquid-gas interface increases also, tending to partially mitigate the increase 
in due to pressure. 

At port mean pressures exceeding the critical pressure of the candidate propellant, 
the surface tension goes to zero and a quantitative analysis of entrainment must account 
for the increasingly diffusive nature of the mass transfer from the solid surface. One can 
expect that the central role of the viscosity of the melt layer indicated by equation (17) for 
subcritical conditions will continue to be dominant under supercritical conditions. Thus the 
onset criterion given by equation (17) is a formalism for identifying propellants which pro- 
duce high entrainment under subcritical conditions with the understanding that they will 
also entrain when the port mean pressure exceeds the critical pressure of the material. For 
this reason, the values for quoted here are all for a standard reference pressure of 

= 10 atm , and thus a^^^^^ may vary at different reference pressures. 

The factor, auf^ , in a , indicates the important role of the surface tension and 
the viscosity, especially the viscosity, in determining whether a propellant will entrain. For 
most liquid hydrocarbons, the surface tension is in the range of 5 to SO milUN/m , Thus, 
while the surface tension variation from one material to another is moderate, the viscosity 
varies widely. For example, the viscosity of high density polyethylene (HDPE) is a factor 

of lo"^ larger than the viscosity of paraffin at typical melt layer temperatures. 

A fuel that, at the classical regression rate corresponding to a given mass flux would 
produce a liquid layer thickness exceeding the onset criterion, is a fuel which is likely to 
entrain and is therefore a good candidate for a high regression rate fuel. We can use this 
idea to estimate the port mass flux above which entrainment should occur. Let 

Kl^Knser (^^) 
Using equations (2), (13) and (16), to express equation (20) as 
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The port mass flux required to cause the onset of entrainment for a given fuel is estimated 
as 



Note that this is a conservative (high) estimate of the onset port mass flux since it uses a 
thickness based on the classical regression rate. 

fflGH REGRESSION RATE FUELS 

Conventional hybrid fuels are all polymeric materials. The burning surface physics 
and chemistry of these materials are fairly complicated. Some of these fuels form a char 
layer whereas some form a liquid melt layer. Due to the large size of the long chain mole- 
cules in conventional liquefying polymeric fuels (even after some partial pyrolysis), the 
liquid layers formed on the fuel surface during the burning process have extremely high 
viscosity and surface tension. Even under the very strong shear forces exerted by the gas 
flowing through the port, these viscous liquid films are stable and entrainment of droplets 
into the gas stream does not occur. 

On the contrary, according to the present invention, it is discovered that there are 
several classes of non-polymeric solid materials that form a liquid layer with low enough 
viscosity and surface tension such that the entrainment of liquid droplets does occur. This 
provides an important additional mechanism by which mass can be transferred from the 
solid fuel to the gas stream. We have found both theoretically and experimentally that the 
mechanism of liquid layer fonnation and droplet entrainment can increase the burning rate 
of hybrid fuels by two to five or more times the burning rate of classical hybrid fuels at 
identical operating conditions. 




I 
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APPLICATION TO N-ALKANES 

We applied the propellant identification process to several groups of organic com- 
pounds that are in solid phase under ambient conditions. The first and possibly the most 
significant group firom a practical point of view is the series of n-paraffins ranging from 
Methane = 7) all the way up to High Density Polyethylene (HDPE) polymer 
(n = 14, 000), Compounds suitable according to the present invention include the n- 
alkane class of hydrocarbons of the formula CnH2n+2 which are solid at room temperature 
and have a mean carbon number of « > 75 , more preferably n is in the range of about 15- 
80, with a range of about 18 to 40 being most preferred and isomers of said alkane class of 
hydrocarbons. Also, mixtures of various compounds in the series are suitable. For this 
group important material properties such as viscosity can be expressed as a function of the 
molecular weight and the temperature. The melting, vaporization and average melt tem- 
peratures of the n-paraffins as functions of the molecular weight are shown in Figure 6. 
Data points for the melting temperatures of three polyethylene waxes are included in Figure 
6. Note that all three temperatures increase rapidly in the small molecular weight region, 
whereas in the large molecular weight region they asymptote to a constant value. For large 
molecules the upper temperature limit is dictated by pyrolysis rather than vaporization, 
since the large molecules will tend to break up before the vaporization occurs. Note that 
the pyrolysis temperature for the high density polyethylene polymer is about 405 C, 
whereas the melting temperature limit corresponding to the melting temperature of the infi- 
nite molecular weight 100% crystalline polyethylene polymer is 7^7 C. 

As discussed previously the most important parameters of the melt layer that deter- 
mine the entrainment (and thus the total burning rate of a prospective fuel) are the melt 
viscosity at an average temperature between the melting temperature and the liquid-gas 
interface temperature, and the surface tension at the liquid-gas interface temperature. The 
plot of viscosity as function of the molecular weight of the normal hydrocarbons for three 
different temperatures are shown in Figure 7. Figure 7 shows a linear variation of viscosity 
with the molecular weight as expected in this low molecular weight regime. Two additional 
data points for two highly crystalline polyethylene waxes (4040/R7 and 4040/R9 of Marcus 
Oil & Chemical Corporation) are also included in the plot. This specific polyethylene wax 
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is composed of highly linear molecules and its viscosity can be predicted by the extrapo- 
lation of the curve obtained for the n-paraflfins. Although the figure shows a significant 
increase of viscosity with the molecular weight at a constant temperature, the melt layer 
viscosity actually only increases slightly due to the increase in the melt layer temperature. 
This important fact is presented in Figure 8 which shows the reduced molecular weight 
dependence of the melt layer viscosity evaluated at the mean between melting and vapor- 
ization temperatures. Note that the viscosity values are normalized with respect to the n- 
pentane melt viscosity. However, this temperature effect can only be realized for relatively 
small molecular weights (i.e. paraffin waxes) since the temperature increase is quite small 
above a certain molecular weight 

Similar arguments hold for the surface tension. Even though the surface tension of 
the linear hydrocarbon series increases linearly with increasing molecular weight at a con- 
stant temperature, melt layer surface tension actually decreases with increasing molecular 
weight as shown in Figure 8. This effect, which can only be realized for relatively small 
molecular weights, is also due to the increased melt layer surface temperatures with 
increasing molecular weight These observations on the melt viscosity and surface tension 
indicate that moderate molecular weight, normal alkanes (i.e. paraffin waxes) will generate 
entrainment rates that are several times the regression rates of classical polymeric hybrid 
fuels. The combined effect of the increase in viscosity and decrease in surface tension is 
to modestly increase entrainment with increasing molecular weight in this range. 

It is interesting to note that high density polyethylene (HDPE) polymer is also a 
member of this linear molecule family in the very high molecular weight extreme 
(--200,000 kg/kmole). The melt viscosity of the high density polyethylene is estimated at 
an average temperature between the melting point (735 C) and the pyrolysis temperature 
{405 C ) with use of a technique presented in reference [6]. Note that a simple extrapolation 
cannot be used to determine the melt viscosity of these liquids with large molecules since 
above a critical value of the molecular weight, the linear variation of viscosity with molec- 
ular weight does not hold. The estimated viscosity value for HDPE is 20 Pascal-sec which 
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is 4 orders of magnitude larger than the melt viscosity of paraffin wax or the viscosity of 
liquid pentane. This explains the low regression rates (i.e. no entrainment mass transfer) 
observed for melting polymeric fuels such as high density polyethylene. 

Figure 9 illustrates a qualitative schematic of the overall picture for n-paraffins 
ranging from the smallest molecular mass (methane) to HDPE polymer. Note that materials 
at both ends of the spectrum have been tried as hybrid fuels. Both extremes have significant 
deficiencies, namely the high molecular weight HDPE polymer burns slowly and the fast 
burning low molecular weight compounds are solid only under cryogenic conditions, ref- 
erence [10]. It is remarkable that the non-cryogenic materials in the intermediate molecular 
mass region (potentially optimum for hybrid applications) such as paraffin and PE waxes 
have not previously been tried as hybrid rocket fuels. 

First, we carried out a theoretical study of a specific high melting point {67 C) par- 
affin wax. We estimated the material properties (an average melt viscosity of 
0.65 milliPascals-sec and surface tension of 7.1 milUNewtons / m) of this wax (which 
would have an approximate average carbon number of 31) and applied the theory to show 
that liquid entrainment levels for this wax were quite high. The theory indicated that a par- 
affin wax with these properties was likely to bum several times, in particular 3 to 5 times, 
faster than conventional hybrid fuels. 

COMPARISON BETWEEN PARAFFIN AND SEVERAL CONVENTIONAL HYBRID 
FUELS 

Preliminary laboratoiy tests with Plexiglas (PMMA), high density polyethylene, 
HDPE a high molecular weight PE wax and two grades of paraffin wax with melting points 
of 61 C and 67 C , hereafter referred to as paraffin grades A and B respectively were made. 
The wax was melted in a melt pot under a controlled pot temperature of 90 C and mixed 
with carbon black (<1 % mass fraction) with an average particle size of 18 nm. The mixture 
was molded in the motor case at room temperature and atmospheric pressure. The PE wax 
grains were machined with the appropriate port diameter to fit the motor case. 
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The conditions and results for these preliminary experiments are shown in Table 1 
below. The regression rate values shown in Table 1 are calculated both by geometrical mea- 
surement of the change in the port dimensions and also by measuring the weight reduction 
in the grain during the experiment. Both methods yield similar values for the regression 
rate. 

Table 1 



Propellant 
tested 


HOPE 


PMMA 


PE wax 


Paraffin 
wax A 


Paraffin 
wax B 


Initial port 
diameter cm 


1.27 


1.27 


1.27 


1.27 


1.27 


Port 

length cm 


30.5 


30.5 


18 


18 


18 


Bum 
time sec 


5 


5 


5 


5 


5 


Oxidizer 
flow rate 
gm/sec 


8.36 


8.36 


8.36 


8.36 


8.36 


Regression 

rate 

cm/sec 


0.025 


0.028 


0.036 


0.114 


0.100 



Test results for the high molecular weight PE wax grains showed a 30% increase in 
regression relative to Plexiglas at identical operating conditions. As indicated by the theory 
this high molecular weight wax does form a melt layer, but does not entrain a significant 
amount of liquid droplets because the viscosity of the melt layer is too high. The regression 
rates for the parafiTin grade B grains were found to be approximately 3,6 times larger than 
the regression rates measured for the Plexiglas .material tested under identical operating 
conditions. After the burn, the paraffin grains were undamaged and the burning surface 
was smooth and very uniform in both the azimuthal and axial directions. It was also found 
that the lower molecular weight wax, grade A, burned slightly faster and the regression rate 
was determined to be approximately 4.1 times larger than the regression rate of Plexiglas 
(polymethyl methacrylate - PMMA). 
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The plume length and diameter was observed to be several times larger for paraffin 
than for the other fuels even though the oxidizer mass flux was the same for all runs. The 
photos in figures 1 la and lib provide a comparison between the plumes for PMMA and 
paraffin grade B. 

The space-time averaged regression rates obtained from multiple tests for wax 
grades A and B with an initial port diameter of 2,54 cm are plotted as a function of the 
average oxidizer flux in the port and are shown in Figure 10, 

A partial list of suggested additives that could be used in a practical fuel formulation 
based on the paraffin wax would include Carbon Black (0,2-1% by weight), some PE wax 
(or other kinds of high molecular weight synthetic waxes) to provide desired mechanical 
properties and thermal stability and possibly some density increasing agents such as 
Escorez, The role of carbon black (or an alternative material with high optical absorptivity) 
is to improve the radiative absorptivity of the fuel to insure that most of the radiation from 
the flame is absorbed at the fuel surface. This is important since paraffin wax alone may 
be heated in bulk by the penetration of radiation from the flame zone resulting in uncon- 
trolled burning and possible sloughing of the fuel. Additionally, reinforcing or stiffening 
agents may be added to provide mechanical rigidity. 

The grade of paraffin and the concentration of additives can be adjusted to obtain 
the combination of burning rate and mechanical properties that suits the mission under con- 
sideration. For example, for missions requiring low mass flow generation rates and high 
mechanical loading conditions, a high molecular weight paraffin could be selected and/or 
a significant concentration of PE wax could be added. 

The fuel formulation can be varied spatially in the fuel grain in order to passively 
control the fuel mass flow generation rate as a function of time. This technique would allow 
one to design hybrid rockets with a desired thrust history and with little or no compromise 
in the specific impulse. 

OTHER ORGANIC COMPOUNDS 

We have identified two other families of compounds that are good candidates for 
fast burning hybrid fuels. These are the alkhylnaphthalenes (including straight naphtha- 
lene) anthracene and certain organic acids. The organic acids finding use in the present 
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invention include organic acids having the general formula of CH^(CH2)nCOOH, where n 
is in the range of 8 to 25, and mixtures thereof. Naphthalene C jgHg which is a crystalline 

material with a melting point of 354 is determined to possess melt layer properties that 
would allow for reasonable entrainment. Some of the other organic compounds that belong 
to the family of Alkhylnaphthalenes with lower melting points and slightly higher viscosity 
compared to Naphthalene are 2,6 Methylnaphthalene, 1-PhenylnaphthaIene, 2,6-Diethyl- 
naphthalene and 2,6 Diisopropylnaphthalene [7], All of these materials have high solid 

5 

densities typically in the 1 100 - 1200 kg/m range which is a very desirable property. One 
other close relative of Naphthalene which is also a good candidate as a high burning rate 
material is Anthracene Cj^Hjq, This promising material has a very high melting point 

(-^5Pi?r), very low melt viscosity and surface tension and high solid density, 1300 kg/m . 

The other group of materials is the organic acids. First we consider the series of 
normal acids CH ^(CH 2) JCOOH with varying molecular weights. Similar to the paraf- 
fins, the melting temperature of the material increases with increasing number of the CH2 

group in the molecule. For example, for n 9 (n-nonanoic acid) the melting temperature 
is 286 whereas, for n ^ 20 (n-eicosanic acid) melting occurs at 348 K, For this series, 
in the range of high enough melting temperatures, the melt viscosity and surface tension 
levels are moderate and the expected entrainment rates would be moderate compared to the 
level predicted and observed for paraffin waxes. This series may be useful as additives to 
higher entrainment rate fuel materials described previously. One important member of this 
series is Stearic acid n = 18 which is a widely used additive for the paraffin waxes. It is 
known that Stearic acid modifies the mechanical properties of the paraffin wax. Another 
acid which is not a member of the normal acid family is Glutaric acid C^HgO^ . This par- 

ticular acid has a melting point at 407 K and a solid density of 1427 kg/m . It possesses 
a moderate to low melt viscosity and surface tension. 
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The above listed chemicals is not exhaustive, and is not an attempt to give a com- 
plete list of compounds that would be used as high burning rate fuel materials in hybrid 
rockets. The few examples discussed above is only a small fraction of the set of possible 
fast-burning fuel materials v/hich would satisfy the teaching and criteria of the present 
invention. 

SYSTEM IMPLICATIONS OF HIGH BURNING RATE 

The impact of high burning rate on the design of a hybrid rocket vehicle is signifi- 
cant. If the burning rate is 3 to 5 times larger than the conventional hybrid fuels, a 
complicated wagon wheel design can, in many applications, be replaced with either a sim- 
plified Double D design as shown in Figure 12a or even with a single port grain 
configuration as shown in Figure 12b, The overall vehicle surface area is reduced and the 
vehicle volume would also be smaller due to better volumetric loading of the fuel. Of par- 
ticular advantage, all these factors contribute to a smaller, lighter vehicle for a given 
mission and specified payload. Apart from the weight benefits, the manufacturing costs 
would be significantly reduced due to the simple grain design and use of relatively inex- 
pensive fuels. The simpler design would lend itself to a more reliable system. In short, a 
hybrid utilizing a fast burning fuel according to the present invention is economically supe- 
rior to a conventional hybrid or, for that matter, to a conventional liquid or solid system. 
The fast burning hybrid should be able to provide performance which is comparable to or 
better than a conventional solid or liquid system. 

One other issue that deserves to be mentioned is aft oxidizer injection. Although 
oxidizer injection in the post-combustion chamber yields marginal advantages for conven- 
tional hybrids which operate in a multi-port configuration with a relatively thin web, it 
promises a greater benefit for the fast burning hybrid. Aft-end injection makes a partially 
controllable system (thrust or Isp, not both) a fully controllable one. Any given thrust and 
Isp schedule can be obtained by setting the main and aft-end oxidizer injection schedules. 
This makes the fast burning hybrid propulsion system comparable to liquid systems in 
terms of controllability. 

In another embodiment of the present invention, the method of selecting a high 
regression rate fuel is provided in stepwise fashion as follows: 
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1) Specify the length of the fuel grain, L^^^-^ and port geometry. 

2) Estimate or measure the thermochemical properties of the candidate material including 
the melting temperature, , the normal boiling temperature, 7^ , latent heat of fusion, 

L^^ and latent heat of vaporization, L^. 

3) Estimate the temperature of the liquid-gas interface using 

'^interface ^ ^ ^'^^^h ~ 

Here is the normal boiling temperature of the candidate material. The use of normal 

boiling point to evaluate the surface temperature implicitly assumes a surface vapor partial 
pressure of approximately 1 atm. The surface temperature is reduced from its vaporization 
value using equation (8) to account for the effect of entrainment which decreases the effec- 
tive surface temperature. 

4) Calculate the characteristic solid temperature as 

solid ~~ 2 

Calculate the characteristic melt layer temperature as 

T + T 
rp _ interface 

liquid 2 

5) Evaluate the properties of the solid at T^^n^ including C^iT^^^.J) 

6) Evaluate liquid layer properties other than surface tension at including 

Ci(Tn^uid)' Pli^liquid) i'l^^liquid^ 

7) Evaluate the surface tension, a , at ^j^terface * 

8) Calculate the entrainment onset parameter 

J f 0,6 



a = 1.05 X 10 ^ 

onset 



0.3 
KPl J 



^^frepBl 

The gas density is calculated from the ideal gas law. 
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where the universal gas constant is = 83 J 4 J/kmole-K and the units of P are 



g 
2 

N/m , The following values are suggested for preliminary calculations: 

M^^ = 30kg/kmol€ ; T = 1500K ; P = 10 atm 

= 6,6x10 ^ kg/ m - sec ; ^fref ^ ^'^^ ' B = 6 

9) Entrainment Criterion - Use the following ranges. 

a ^< 0.4 entrainment will occur 

onset 

0,4 < ^ OS entrainment is likely 

a ^> 0.9 entrainment is unlikely 

onset 

. ^ T ^ 6 2.6 1.6. 

The units of cx^^^^^ are kg /{m -sec ) . 

10) Determine a^^ and a^ and estimate the port mass flux required for entrainment at 
P^ - JO atm, 

0,6 J- 
/ 12 

^^onset^P ^ 20 ~ ~ ^^onset^ 

g 



The entrainment onset mass flux at the port mean pressure of the given application is deter- 
mined from 

L3 

G , rP \ ^-^2 

onset ' 



- (A 

\10J 



^^onset^P =]0 ^^^^ 
g 

If G^^^^^ is below the port mass flux expected in the given application then regression rate 
enhancement due to entrainment can be expected to occur. 
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EXAMPLES 

The following examples are offered for illustration purposes only, and is not 
intended to limit the present invention in any way. 

PARAFFIN FUEL EXAMPLE 
PROPELLANT SELECTION PROCESS 

1) We carried out a series of experiments on paraffin grade B with an initial port diameter 
of 2,54 cm. The length of the fuel grain in these experiments was L^^^^^ == 0.18 m and 

the port mean pressure was approximately P = 10 aim . 

2) The following parameters are estimated for the selected grade of wax (melting point 
66.6C. 

Tm = ^^^-^K ; T^^,^,^^ = 727.4 K (1 atm) 
= 167.2 X 10^ J/ kg ; = J63.5 x JO^ J /kg 

2) The liquid-gas interface temperature is calculated to be 

Tinterface = ^^^^ K. 

3) The characteristic temperatures of the melt layer and the solid are 

T solid = ' Ti.^uid = '^^4.7K 

where the ambient temperature of the fuel is taken as 

r = 300.0 K. 

a 

4) Solid state properties evaluated at the characteristic temperature are 

- 2.03 X 10^ J/ kg- K ; = 930 kg/rn . 

5) Liquid state properties evaluated at the characteristic temperature are 

= 2,92x 10^ J/kg-K ; - 654.4 kg/ 

= 0.65 X 10^^ kg/ m - sec ; = 0.12 J/ m - K - sec 



6) Estimate the surface tension 



a = 7.1 X 10 ^ N/m 
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7) We use the following suggested values: 

M = 30kg/kmole ; T = 1500K ; B ^ 6 

ja^ = 6.6 10 ^ kg/ m - sec ; ^fref ^ ^'^^ 

8) The entrainment onset parameter is calculated to be 

""onset = 0'^^^ /{rn -sec ) 

Since ci^^^^^ < 0,4 the selected grade of wax will entrain vigorously, 

9) The entrainment onset mass flux is, 

Gonset ^ 5.2 kg /{m^ -sec) 

which is low compared to corrected port mass fluxes encountered in hybrid applications. 
When the onset mass flux is corrected to a high port mean pressure of 100 atmospheres, 

2 

the value of G^^^^^ increases to 69.4 kg/(m - sec) which is still well below the range 
of mass fluxes encountered in applications. 

REGRESSION RATE MEASUREMENTS FOR PARAFFIN (MELTING POINT 67C) 

The paraffin data for the grade B wax are presented in figure 13 as a function of the 

total mass flux in the port. For B = 6^ L ^ 0.18 m and Qr^Qc ^ O.I the classical 
regression rate coefficient is estimated to be 

/ 7n-5 2.6 0.8 0.2 

a^l = 1.48 X 10 m /kg -sec 

The classical regression rate curve is plotted in figure 13 for comparison with the 
data. Over the range of mass fluxes studied, the regression rate measured for paraffin is 
approximately 3.4 times the rate predicted from classical theory. 
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ENTRAINING ONSET EXAMPLES FOR OTHER ORGANIC COMPOUNDS 

The entrainment onset parameter has been determined for a variety of organic com- 
pounds at P = 70 <at/m and with 5 = 6 . The results are shown in table 2. 



Material 


Naphtha 
-lene 

^10^8 


1 -Phenyl 
naphth- 
alene 

C ; /^I"! J o 
10 IJ 


2,6 
Diethyl 
naphth- 
alene 

^14^16 


Anthra- 
cene 

^14^10 


Stearic 
acid 

^18^36^2 


Glutaric 
acid 

C5H8O4 


Paraffin B 
^31^64 




353.43 


318.15 


322.15 


489.25 


342.75 


370.65 


339.6 


T 

boilings 
K 


491.14 


607.15 


576.00 


615.18 


648.35 


576.15 


1X1 A 


kg/rn 


936.7 


987.5 


921.94 


939.72 


764.12 


1136.2 


654.4 


kg/ m 


1049 


1096 


1168 


1233 


1010 


1429 


930 


milliPa-sec 


0.54 


1.00 


0.81 


0.47 


1.30 


0.68 


0.65 


milUN / m 


21.7 


20.2 


21.0 


19.6 


11.1 


12.5 


7.1 


^ onset* 

kg 

2.6 1.6 

m -sec 


0.678 


0.899 


0.841 


0.563 


0.625 


0.424 


0.276 



Table 2 



The parameter values for paraffin are shown for comparison. Each of the materials 
listed above is likely to entrain in a hybrid motor application v^ith the possible exception 
of 1 -phenyl naphthalene. Note that they are relatively dense compared to paraffin and can 
be mixed with paraffin to increase fuel density without sacrificing much entrainment. 
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Notice also that, of all the compounds listed, paraffin grade B will exhibit the most vigor- 
ous entrainment with <3r^„^^^ = 0.276, Lower melting point waxes n < 31 will tend to 

entrain even more vigorously. 

In summary, the present invention provides a high regression rate propellant and a 
method for identifying such propellants that produce high burning rates in hybrid rockets 
and other applications such as solid fuel ramjets. The propellant can be either a fuel or an 
oxidizer. The propellants are materials which form an unstable melt layer at the burning 
surface. Under the right conditions of port mass flux, liquid layer surface tension, and vis- 
cosity, droplets may be entrained from the liquid layer into the high temperature gas flow 
in the port. The process is based on a criterion by which one can determine whether 
entrainment will occur for a given material. 

The inventors have discovered that a class of non-cryogenic fuels which satisfies 
the required criterion is a certain range of n-alkanes. This range includes all paraffin waxes 
and polyethylene waxes. More specifically, we include alkanes having a carbon number of 
approximately n 15 to n = 80 . Other hydrocarbon compounds have also been iden- 
tified that satisfy the required criterion. These include the alkhylnaphthalenes (including 
straight naphthalene), anthracene, and certain organic acids. These relatively dense mate- 
rials can also be used as additives to paraffin based fuels. Mixtures of materials can also 
be used. 

For example, paraffin wax can be easily mixed with polyethylene (PE) wax as well 
as carbon black and/or other common additives such as Stearic acid. 

The performance of a hybrid system can be optimized for a given mission profile 
by mixing high and low molecular weight alkanes together to achieve the required regres- 
sion rate. 

The use of such a high burning rate fuel leads to a simpler hybrid rocket system 
wherein a single or double D port design can equal or exceed the performance of a conven- 
tional solid or liquid rocket. 
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While the present invention has been described primarily with use in hybrid rockets 
and ramjets, the present invention is suitable for use in many types of gas generation appli- 
cations, such as auxiliary power units (APU), tank pressurization systems in liquid or 
hybrid rocket applications, and turbine power generation systems. 

As taught by the foregoing description, a greatly advanced hybrid propulsion sys- 
tem and a method has been provided by the present invention. The foregoing description 
of specific embodiments and examples of the invention have been presented for the pur- 
pose of illustration and description, and although the invention has been illustrated by 
certain of the preceding examples, it is not to be construed as being limited thereby. Many 
modifications, embodiments and variations are possible in light of the above teaching. It 
is intended that the scope of the invention encompass the generic area as herein disclosed, 
and by the claims appended hereto and their equivalents. 
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CLAIMS 

1. A fuel composition suitable for use in hybrid rockets and solid fuel ramjets or gas 
generation, comprising: a fuel disposed in a combustion chamber and means for causing 
the flow of an oxidizer past the fuel to cause combustion with a flame, characterized in that 
under the heat transfer from the flame, the fuel forms an unstable melt layer with viscosity 
and surface tension such that the melted fuel forms droplets that can be entrained in the 
oxidizer flow thereby increasing the rate of burning of the fuel. 

2. The fuel composition of Claim 1 wherein the fuel is selected from the n-alkane class 
of hydrocarbons and mixtures thereof, having the general formula of C„H 2n+2* where n is 
a mean carbon number and is in the range of 15 to 80, and which are solid at room 
temperature. 

3 . The fuel composition of Claim 1 wherein the fuel is selected from the n-alkane class 
of hydrocarbons and mixtures thereof, having the general formula of C„H2„+2. where n is 
a mean carbon number and is in the range of 18 to 40, 

4. The fuel composition of Claim 1 wherein the fuel is comprised of a material where 
the viscosity of the melt layer is less than about 1 mPa-sec at an average temperature 
between the melting and vaporization temperatures of the material, and the surface tension 
of the melt layer is less than about 25 mN/m at the interface temperature Ti^terfacc- 

5. The fuel composition of Claim 2 wherein the fuel is selected from isomers of said 
alkane class of hydrocarbons. 

6. The fuel composition of Claim 1 wherein the fuel is selected from the group of 
alkhylnaphthalene compounds, anthracene and mixtures thereof. 
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7. The fuel composition of Claim 1 wherein the fuel is selected from the group of 
organic acids having the general formula of CH3 (CH2)nCOOH and mixtures thereof, where 
n is in the range of 8 to 25. 

8. The fuel composition of Claim 1 wherein the fuel is selected from the group of n- 
paraffin compounds and mixtures thereof 

9. The fuel composition of Claim 1 wherein said fuel component further includes one 
or more additives selected from the group of alcohols, amines, organic acids, carbon black, 
and mixtures thereof. 

10. The fuel composition of Claim 1 wherein said fuel component further includes car- 
bon black at a concentration in the range of about 0,2 to 2.0 weight percent. 

11. The fuel composition of Claim 1 wherein said fuel component is comprised of a 
mixture of one or more paraffin waxes and carbon black in the range of about 0.2 to 2,0 
weight percent. 

12. The fuel composition of Claim 1 wherein said fuel component is comprised of a 
mixture of one or more paraflfm waxes and one or more polyethylene waxes, or other high 
molecular weight synthetic waxes. 

13. The fuel composition of Claim 1 wherein said fuel component further includes one 
or more additives to enhance the mechanical properties of said fuel. 

14. A method of selecting a propellant that exhibits desirable regression rate during 
combustion within a port having a gas stream flowing through the port, comprising the 
steps of: 

determining for a given port mass flux, G = pg Ug, where Pg is the port average gas 
density and Ug is the port average gas velocity; and 

determining for a thickness h of a liquid layer formed on the surface of said fuel; 



41 



wherein said port mass flux value and said thickness satisfy the relationship of: 

vj n a onsets 

and where a ^nset is the entrainment onset parameter and is given by: 

a onset = 1-05 X 10-2[ p g 1 ^'^] [ 1 / (Cf Cbi) (1 / n g) a n 1 and 
selecting said propellant such that a onset has a value that promotes entrainment of 

droplets from said liquid layer into said gas stream flowing in said port, where the units of 

aonset is kg' ''/m'''-sec''''. 

15. The method of Claim 14 wherein a ^nset is equal to or less than approximately 0.9 

16. The method of Claim 14 wherein the propellant is selected from the n-alkane class 
of hydrocarbons, having the general formula of C^ H 2n + 2 and mixtures thereof, where n 
is a mean carbon number and is in the range of 15 to 80, and which are solid at room 
temperature. 

17. The method of Claim 14 wherein the propellant is selected from the group of alkhyl- 
naphthalene compounds, anthracene, and mixtures thereof 

18. The method of Claim 14 wherein the propellant is selected from the group of 
organic acids having the general formula of CH3 (CH2)n COOH and mixtures thereof, 
where n is in the range of 8 to 25. 

19. The method of Claim 14 wherein the propellant is selected from the group of n- 
paraffin compounds and mixtures thereof. 

20. The method of Claim 14 wherein the propellant selected by said method is a fuel or 
is an oxidant. 
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21. The method of Claim 14 wherein the propellant is selected from the group of iso- 
mers of the alkane class of hydrocarbons. 

22. A propellant composition suitable for use in hybrid rockets having a fuel component 
and an oxidizing component, where one of said components flows past the other compo- 
nent, characterized in that under the heat of combustion the solid component forms an 
unstable melt layer with viscosity and surface tension such that droplets melt layer are 
entrained in the gas stream thereby increasing the rate of combustion. 

23. The propellant of Claim 22 wherein said propellant is used in solid fuel ramjets. 

24. The propellant of Claim 22 wherein the fuel is selected from the n-alkane class of 
hydrocarbons, having the general formula of Cj, H 2n + 2 and mixtures thereof, where n is a 
mean carbon number and is in the range of 15 to 80, and which are solid at room 
temperature, 

25. The propellant of Claim 22 wherein the fuel is selected from the n-alkane class of 
hydrocarbons, having the general formula of C^ H 2n + 2 ^^d mixtures thereof, where n is a 
mean carbon number and is in the range of 18 to 40. 

26. The propellant of Claim 22 wherein the fuel is comprised of a material where the 
viscosity of the melt layer is less than about 1 mPa-sec at an average temperature between 
the melting and vaporization temperatures of the material, and the surface tension of the 
melt layer is less than about 25 mN/m at the interface temperature 

interface- 

27. The propellant of Claim 22 wherein the fuel is selected from the group of alkhyl- 
naphthalene compounds, anthracene and mixtures thereof. 
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28. The fuel composition of Claim 22 wherein the fuel is selected from the group of 
organic acids having the general formula of CH3 (CH COOH and mixtures thereof, 
where n is in the range of 8 to 25. 

29. The propellant of Claim 22 wherein the fuel is selected from the group of n- paraffin 
compounds and mixtures thereof. 

30. The propellant of Claim 22 wherein said fuel component further includes one or 
more additives selected from the group of alcohols, amines, organic acids, carbon black, 
and mixtures thereof. 

31. The propellant of Claim 22 wherein said fuel component further includes carbon 
black at a concentration in the range of about 0.2 to 2,0 weight percent. 

32. The propellant of Claim 22 wherein said fuel component is comprised of a mixture 
of one or more paraffin waxes and carbon black in the range of about 0.2 to 2.0 weight 
percent. 

33 . The propellant of Claim 22 wherein said fuel component is comprised of a mixture 
of one or more paraffin waxes and one or more polyethylene waxes or other high molecular 
weight synthetic waxes. 

34. The propellant of Claim 22 wherein said fuel component further includes one or 
more stiffening agents. 

35. A propulsion system including a structure terminating in a nozzle and having a fuel 
component within the structure, one or more ports formed within, or containing, the fuel 
component, and an oxidant vessel within the vehicle structure for flowing oxidant in con- 
tact with said one or more ports to combust said fuel component, characterized in that the 
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fuel is selected such that under the heat of combustion, the fuel forms an unstable melt 
layer with viscosity and surface tension such that droplets of the melted fuel are entrained 
in the flowing oxidant thereby enhancing the burning rate of the fuel. 

36. The propulsion system of Claim 35 wherein the fuel is selected from the n-alkane 
class of hydrocarbons, having the general formula of CnH2n+2^^<^ which are solid at room 
temperature. 

37. The propulsion system of Claim 35 wherein the fuel is selected from the n-alkane 
class of hydrocarbons, having the general formula of CnH2n+2 mixtures thereof. 

38. The propulsion system of Claim 35 wherein the fuel is comprised of a material 
where the viscosity of the melt layer is less than about 1 mPa-sec at an average temperature 
between the melting and vaporization temperatures of the material, and the surface tension 
of the melt layer is less than about 25 mN/m at the interface temperature Tjj^terface- 

39. The propulsion system of Claim 35 wherein the fuel is selected from the group of 
alkhylnaphthalene compounds, anthracene and mixtures thereof 

40. The propulsion system of Claim 35 wherein the fuel is selected from the group of 
organic acids having the general formula of CH3 (CH 2)11 COOH and mixtures thereof, 
where n is in the range of 8 to 25. 

41. The propulsion system of Claim 35 wherein the fuel is selected from the group of 
n-parafFm compounds and mixtures thereof. 

42. The propulsion system of Claim 35 wherein said fuel component further includes 
one or more additives selected from the group of alcohols, amines, organic acids, carbon 
black, and mixtures thereof. 
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43. The propulsion system of Claim 35 wherein said fuel component further includes 
carbon black at a concentration in the range of about 0.2 to 2.0 weight percent. 

44. The propulsion systemi of Claim 35 wherein said fuel component is comprised of a 
mixture of one or more paraffin waxes and carbon black in the range of about 0.2 to 2.0 
weight percent. 

45. The propulsion system of Claim 35 wherein said fuel component is comprised of a 
mixture of one or more paraffin waxes and one or more polyethylene waxes or other high 
molecular weight synthetic waxes. 

46. The propulsion system of Claim 35 wherein said fuel component further includes 
one or more stiffening agents. 

47. A combustible hybrid fuel having a solid fuel component, and a flowing oxidizing 
component flowing through a port in the solid fuel component, characterized in that: 

said solid fuel component is comprised substantially of one or more materials that 
form a liquid layer at the interface between the flowing oxidizing component and the solid 
fuel component during combustion by the oxidizing component, and 

wherein said liquid la5^er exhibits entrainment of liquid droplets in the flowing oxi- 
dizing component during combustion at an entrainment rate expressed as: 

where r^ is the empirical expression for the entrainment rate of the liquid droplets, 
is a dynamic pressure of the oxidizing component flow in the port, h is the thickness of 
the liquid layer, \x is the viscosity of the liquid layer, and c is the surface tension of the 
liquid layer, and p is approximately 2, a is approximately 1.5, and y and 5 are both 
approximately 1. 
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48. The method of Claim 14 used to select a propellant that will exhibit a regression 
rate tailored to a particular application or mission. 
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ABSTRACT 

This invention comprises a new process for developing high regression rate propel- 
lants for application to hybrid rockets and solid fuel ramjets. The process involves the use 
of a criterion to identify propellants which form an unstable liquid layer on the melting 
surface of the propellant. Entrainment of droplets from the unstable liquid-gas interface 
can substantially increase propellant mass transfer leading to much higher surface regres- 
sion rates over those that can be achieved with conventional hybrid propellants. The main 
reason is that entrainment is not limited by heat transfer to the propellant from the com- 
bustion zone. The process has been used to identify a new class of non-cryogenic hybrid 
fuels whose regression rate characteristics can be tailored for a given mission. The fuel can 
be used as the basis for a simpler hybrid rocket design with reduced cost, reduced com- 
plexity and increased performance. 




Figure 1: Schematic of a hybrid rocket utilizing a blow-down oxidizer feed system. 




Figure 2, Schematic of a single port hybrid rocket motor. 




Figure 4: Schematic of velocity and temipcrature profiles in a liquefmg hybrid rocket 
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Figure 5: Schematic of the entaraining hybrid combustion configuration. 
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Figure 6. Melting, vaporization and av<^rage melt layer temperatures of n-parafflns as a function of 
molecular weight. 
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Figure 7, Viscosity as a function of the molecular weight for various n-parraffins and two highly 
crystalline polyethylene waxes. 
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Figure 8. Viscosity and surface tension of the melt layer as a function of the molecular weight for various 
n-parraffins. The values of viscosity and surface tension are normalized with respect to the reference values 
(n-pentane). 
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Figure 9. Overall picture for C„H2„+2 series. 
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F^re 10: Measured regeression rates as a function of oxidizer mass flux for paraffins A and B. 




Figure lib: Picture of the plume for the paraffin wax (grade B)/GOX system. 




Figure 12b: Schematic of a circular (single port) hybrid port configurati, 
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